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Apoptosis is a vital defense mechanism for the clearance of infected cells. Ubiquitously expressed
transcript (UXT), which exists in two isoforms (V1 and V2), interact with both apoptotic and cellular
proteins. By yeast two-hybrid analysis, we found that UXT interacts with SARM (sterile a and HEAT
armadillo motif-containing protein). Since SARM is a TLR adaptor which induces intrinsic apoptosis
following immune activation, we were prompted to query whether UXT and SARM might co-regu-
late apoptosis. We found that the UXT isoforms elicit dual opposing regulatory effects on SARM-
induced apoptosis; while UXT V1, co-expressed with SARM, caused a reduction in caspase 8 activity,
UXT V2 strongly increased caspase 8 activity and enhanced SARM-induced apoptosis by activating
the extrinsic pathway and depolarizing the mitochondria.
Structured summary of protein interactions:
SARM physically interacts with UTX by two hybrid (View interaction)
SARM physically interacts with UTX by anti tag coimmunoprecipitation (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction changes the cell morphology and results in the formation of apop-Apoptosis is a vital mechanism of host defense. An infected cell
may undergo apoptosis to protect the neighbouring cells and pre-
vent the spread of infection. Deregulation of apoptosis leads to
many diseases including autoimmune disorders and cancer [1].
Although many apoptosis regulatory proteins have been identiﬁed,
the underlying molecular mechanisms of their action remain un-
clear. The intrinsic pathway, which is mitochondria-mediated,
leads to activation of caspase-9 while the extrinsic pathway is trig-
gered by external signals which activate caspase-8 [2]. Both path-
ways ﬁnally converge by activating caspase-3 which dramaticallytotic bodies [1].
SARM is a pro-apoptotic protein [3] and the most conserved
member of the Toll/Interleukin-1 receptor (TIR) domain containing
adaptor proteins, with an evolutionary history spanning from nem-
atodes to humans [4,5]. SARM elicits diverse functions in different
organisms. TIR-1, the SARM homologue in Caenorhabditis elegans,
protects the worm against infection, independent of TOL-1 (the
Toll-like receptor homologue in C. elegans) [4], but the human
and shrimp SARM homologues act as negative regulators of Toll-
like receptor (TLR) signaling [5–7]. SARM also modulates TNF pro-
duction and restricts West Nile virus infection [8].
UXT (ubiquitously expressed transcript), as the name indicates,
is ubiquitously present, abundantly expressed in tumor tissues [9]
and it causes mitochondrial aggregation when highly expressed
[10]. UXT V1 protects the cells from TNF-induced apoptosis [11]
and it facilitates antiviral signaling mediated via MAVS (mitochon-
drial antiviral-signaling protein) [12]. In contrast, SARM is upregu-
lated during apoptotic clearance of activated T-cells [3]. Hence
SARM and UXT appear to elicit opposing functions, which
prompted us to reason that there could be biophysical interactions
between SARM and the UXT isoforms, with implications on their
co-regulation of apoptosis. Therefore, we examined how the func-
tion of SARM may be modulated by the two isoforms of UXT, in
particular, under infection-inﬂammation conditions. Towards this
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and study the functional signiﬁcance of their interaction. To under-
stand the physiological relevance of SARM and UXT during inﬂam-
mation, we stimulated U937 monocytes with LPS and poly(I:C) and
studied their expression patterns. We found that both LPS and
poly(I:C) upregulated the expression of SARM and UXT. We also
found that UXT V2, whose function is largely unknown, caused se-
vere cell death and decreased mitochondrial membrane potential
when it was co-transfected with SARM. In contrast, UXT V1 co-
transfected with SARM caused a signiﬁcant reduction in caspase
8 activity, indicating that the UXT isoforms collaborate with SARM
to modulate apoptosis of infected cells.2. Materials and methods
2.1. Cells, cDNA clones and reagents
A human leukemic monocyte lymphoma cell line, U937, was
cultured in RPMI 1640 medium containing 10% (v/v) fetal bovine
serum in 5% CO2 at 37 C and was used for LPS and poly(I:C) treat-
ment studies, since this cell line is immune responsive [13–15].
HEK 293T (human embryonic kidney cells expressing large T-anti-
gen of SV40) was used as a model cell line for all recombinant DNA
expression experiments, and NIH3T3 (mouse ﬁbroblast) cell line
was used only for immuno-localization experiments since these
cells are morphologically expanded and allow clearer localization
of the proteins in the subcellular compartments. Both cell lines
were maintained in DMEM (Dulbecco’s Modiﬁed Eagle’s Medium)
containing 10% (v/v) fetal bovine serum, 100 Units/ml penicillin
and 100 lg/ml streptomycin. The human expression constructs,
UXT V1 and UXT V2, were cloned in Flag-pXJ40 while SARM full
length was cloned in two different vectors (pcDNA 3.1/V5-His
and pEGFP-N3). TurboFectTM, used for transfection, was from Fer-
mentas while Mitotracker (Deep Red FM; M22426) and Prolong
Gold anti-fade reagent with DAPI were from Invitrogen. Phiphilux
caspase-3, Caspalux caspase-9 and caspase-8 activity assay re-
agents were from OncoImmun. Inc. TMRE (Tetramethylrhodamine
ethyl ester perchlorate) stain was from Sigma–Aldrich and propidi-
um iodide stain was from eBioscience. Complete protease inhibitor
cocktail tablets were from Roche. Escherichia coli 055:B5 LPS was
from Sigma and poly(I:C) was from Invivogen. The following anti-
bodies were used for Western blot and immunoﬂuorescence anal-
yses: FLAG (Sigma–Aldrich), UXT (Sigma–Aldrich V5 (Invitrogen),
TBP-1 (Abcam), SARM, b-tubulin (Santa Cruz Biotechnology) and
His tag (Genscript).
2.2. Yeast-2-hybrid assay
The SARM cDNA sequence was cloned into yeast two-hybrid
bait vector, pGBKT7, and was used to screen a human leukocyte
cDNA library. The co-transformants of yeast, Saccharomyces cerevi-
siae (AH109), were plated onto the SD-Trp-Leu-His-Ade (QDO)
plates for up to 5 days at 30 C. Growth on SD-Trp-Leu (Trp- and
Leu- dropout) agar indicates the presence of both plasmids.
Growth on QDO (quadruple dropout lacking Trp, Leu, His and
Ade) agar indicates interaction. The prey plasmids in the yeast
were extracted, transformed into Escherichia coli, then puriﬁed
and sequenced. To conﬁrm the protein–protein interaction, the
UXT was individually co-transformed with the bait and replated
onto the QDO plates.
2.3. Transfection and subcellular fractionation
HEK 293T cells were seeded on 12-well plates (Nunc) at a
density of 4  105 cells/well in 2 ml DMEM and grown overnightbefore transfection. NIH3T3 cells were seeded at a density of
8  104 cells/well in 2 ml DMEM. Transient transfection of the cells
was performed using turbofect according to the manufacturer’s
instructions. Nuclear and cytosolic extracts were prepared from
NE-PERTM (Pierce) reagents and mitochondrial and cytosolic frac-
tions were prepared using mitochondrial isolation kit (Pierce)
according to the manufacturer’s instructions.
2.4. Co-localization of SARM and UXT
NIH3T3 cells were co-transfected with SARM and UXT con-
structs for 24 h. Following transfection, cells were incubated with
250 nM of deep red mitotracker for 45 min. The cells were washed
twice with PBS, ﬁxed in 4% paraformaldehyde for 15 min and per-
meabilized in 0.25% Triton X-100 for 5 min at room temperature.
After staining with the respective tag antibodies, the cells were
mounted on a glass slide with mounting medium containing DAPI
(40,6-diamidino-2-phenylindole). The cells were viewed under LSM
510META confocal laser scanning microscope at 100 oil objective
(Carl Zeiss).
2.5. Co-immunoprecipitation
HEK 293T cells were co-transfected for 24 h with different con-
structs of SARM and UXT V1 or UXT V2. Cells were lysed in non-
denaturing lysis buffer (50 mM Tris–HCl, pH 7.4, 5 mM EDTA,
300 mM NaCl, 1% Triton X-100 with 1 protease inhibitor cock-
tail). Total cell lysates were pre-cleared using Protein-G beads,
and incubated overnight with anti-V5 or anti-Flag antibodies.
The antibody bound proteins were captured using Protein-G beads.
The bound proteins were eluted using Laemmli loading buffer and
heated for 10 min at 95 C. Both the total cell lysate and eluates
containing bound proteins were electrophoresed and the blots
were probed for SARM and UXT using the corresponding
antibodies.
2.6. Western blot analysis
HEK 293T cells co-transfected for 24 h with different constructs
of SARM and UXT V1 or SARM and UXT V2 were lysed in RIPA buf-
fer (25 mM Tris–HCl, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS with 1 protease inhibitor cocktail) or in
non-denaturing lysis buffer. The proteins in the lysate were re-
solved in a 12% SDS–PAGE gel and transferred onto a PVDF mem-
brane. The membrane was blocked with 3% BSA or 5% non-fat
milk in TBST (TBS containing 0.1% v/v of Tween 20) for 2 h and
incubated overnight at 4 C with the primary antibody in the
blocking buffer. This was followed by probing with HRP-conju-
gated secondary antibody (Dako) for 2 h and the bands were visu-
alized with Pierce ECL Western blotting substrate using
ImageQuant LAS 4000.
2.7. Proximity ligation assay for detection of protein–protein
interactions in situ
To directly visualize protein–protein interactions in situ, the
DuolinkTM Proximity Ligation Assay (PLA) kit was used. At 24 h
post-transfection, HEK 293T cells were washed to remove unbound
proteins, ﬁxed in 4% paraformaldehyde for 15 min at room temper-
ature and permeabilized with 0.2% Triton X-100 for 5 min. After
blocking with 10% BSA for 30 min, PLA was performed according
to the manufacturer’s instructions. Brieﬂy, the bound proteins
were probed with paired primary antibodies of rabbit anti-His
and mouse anti-Flag. These primary antibodies were then recog-
nized by paired secondary antibodies conjugated with oligonucle-
otides, anti-rabbit PLA probe PLUS and anti-mouse PLA probe
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will hybridize if they are in close proximity (as in protein–protein
interaction) during the hybridization step. Subsequently, the two
hybridized oligonucleotides were ligated by Duolink ligase, ampli-
ﬁed by Duolink Polymerase along with the detection reagent. The
protein interactions were detected as red ﬂuorescent signals,
which are visible under microscope. Cells were mounted with Pro-
Long Gold Antifade Reagent containing DAPI and examined under a
Carl Zeiss LSM 510 Meta Confocal Microscope.2.8. Real time PCR
U937 cells were treated with either 10 ng/ml LPS or 10 lg/ml
poly(I:C) over a time course. Cells were collected and RNA was iso-
lated using TRIzol (Invitrogen). cDNA was synthesized using Super-
Script III Reverse Transcriptase (Invitrogen) and oligo(dT) primers.
The resulting cDNAs were subjected to quantitative gene expres-
sion analysis using SYBR Green I Master (Roche) on a Roche Light
cycler 480. The PCR program constituted 1 cycle of 95 C for
10 min, followed by 40 cycles of 95 C for 10 s, 65 C for 15 s,  pGBKT7: UXT
SARM: UXT
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Fig. 1. SARM interacts with both isoforms of UXT. (A) Yeast 2 hybrid assay showin
immunoprecipitation to test the interaction of SARM and UXT -V1 and -V2. ⁄indicates IgG
UXT by confocal microscopy. The images were taken in LSM510 META confocal micr
independent experiments.72 C for 15 s. The mRNA levels were normalized to GAPDH and ex-
pressed relative to GAPDH. The following primers were used for
real time PCR. The following primers were used for SARM expres-
sion: forward primer, 50 TGCATGGCTTCAGTGTCTTC 30 and reverse
primer, 50 TCTCCTTATGCACCCAATCC30; UXT expression: forward
primer, 50 TGAGCAGCTGGCCAAATACC 30 and reverse primer, 50
AGGGCCACATAGATGCGTGA 30; GAPDH expression: forward pri-
mer, 50 ATTCCACCCATGGCAAATTC 30 and reverse primer, 50
TCTCCATGGTGGTGAAGACG 30.
2.9. Detection of UXT and SARM proteins by ﬂow cytometry
To measure the levels of SARM and UXT by ﬂow cytometry, LPS
and poly(I:C) treated and untreated U937 cells were collected and
washed with PBS. The cells were then ﬁxed using 4% paraformalde-
hyde for 15 min at room temperature and permeabilized with 0.2%
Triton X-100 for 5 min. After blocking with 3% BSA for 1 h, the cells
were stained with primary antibody for 2 h, followed by three
washes with PBS. Subsequently the cells were stained with second-
ary antibody for 1 h and washed four times with PBS. Cells were
gated based on the secondary antibody control, viz, cells stained+      -       -      +     +     -    
  -      +      -      +      -     -
 -      -      +      -      +     -        Flag- UXT V2
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g the interaction between SARM and UXT. SARM was used as a bait. (B) Co-
light chain. (C) PLA to show the in situ interaction. (D) Co-localization of SARM and
oscope under 100 objective. Scale bars, 5 lm. Data are representative of three
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analyzed on CyAn ADP ﬂow cytometer (Dako).
2.10. Cell death and apoptosis assays
HEK 293T cells were co-transfected for 24 h with different con-
structs of SARM, UXT V1 and UXT V2. The transfected cells were
collected, washed with PBS and stained with propidium iodide
(1:40 dilution). Cell death was quantiﬁed by ﬂow cytometry. In
addition, viable cells were counted using trypan blue exclusion test
(Gibco Inc.). Caspase-8, -9 and -3 activities were assayed according
to the manufacturer’s instructions. TMRE staining was performed
to quantify the mitochondrial membrane potential. TMRE at
20 nM, was added to the cells and incubated at 37 C for 20 min.
Cells were collected and washed twice with PBS for 3 min each.
Cells were analyzed in CyAn ﬂow cytometer in PE channel.
2.11. Statistical analysis
Data represents ± SEM of three independent experiments con-
ducted in triplicate each. A P value of <0.05 is considered signiﬁ-
cant by unpaired two-tailed Student t test. All the statistical
analysis has been performed with GraphPad Prism6 software.
3. Results
3.1. SARM interacts with both isoforms of UXT
By yeast two-hybrid screening of a human leukocyte cDNA li-
brary, using SARM as bait, we identiﬁed UXT as one of the potential
interacting partners of SARM (Fig. 1A). We expressed SARM, UXT
V1 or UXT V2 in HEK 293T cells to further assess their interactionsNucleusCytoplasmTotal cell
α - Flag
α - Tubulin
 V1   V2
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α - VDAC
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Fig. 2. Analysis of UXT expression in subcellular fractions. Crude extracts of
nucleus, mitochondria and cytosolic fractions were analyzed by Western blot. The
subcellular fractions were conﬁrmed by probing with the nuclear (TBP-1),
mitochondrial (VDAC) and cytosolic (Tubulin) markers.V1, UXT V1; V2, UXT V2;
E, pXJ40 vector.by co-immunoprecipitation. Consistently, SARM was detected in
both the UXT-V1 and -V2 immunoprecipitates and conversely,
UXT-V1 and -V2 were detected in SARM immunoprecipitates
(Fig. 1B), supporting that SARM interacts with both UXT isoforms.
Vector control indicated that only SARM and UXT interact speciﬁ-
cally with each other. Proximity ligation assay (PLA) in HEK 293T
cells, which were co-transfected with SARM and UXT further dem-
onstrated their interaction in situ (Fig. 1C). Red signals from PLA
experiments represent paired interactions between SARM and
UXT isoforms. SARM has been earlier reported to localize in the
mitochondria [3,6,16,17]. Co-expression of SARM and UXT-V1 or
-V2 in NIH3T3 cells also showed their co-localization in the mito-
chondria (Fig. 1D). Both of the UXT isoforms interact with SARM in
the mitochondria. Further cell-fractionation studies also conﬁrmed
that UXT-V1 and -V2 are present in the nuclear, cytoplasmic and
mitochondrial compartments (Fig. 2), afﬁrming the ubiquity of
UXT.
3.2. LPS and poly(I:C) both upregulate UXT and SARM expression
To understand the physiological signiﬁcance of the interaction
between SARM and UXT, we treated U937 cells with 10 ng/ml
LPS or 10 lg/ml poly(I:C) over a time course and measured their
expression levels by quantitative PCR, since the U937 monocytes
are immune responsive [13–15]. Both SARM and UXT expressions
were upregulated to a peak at 1–3 h when the cells were treated
with LPS (Fig. 3A), indicating that they respond early during bacte-
rial infection. Upon stimulation with poly(I:C), UXT and SARM
were upregulated to a peak at 3–6 h (Fig. 3B). Flow cytometric
analysis of the corresponding protein levels showed that both
SARM and UXT peaked at 4 h during LPS treatment (Fig. 3C and
Fig. S1A). With poly(I:C) treatment, we observed sustained levels
of UXT and SARM proteins (Fig. 3D and Fig. S1B).
3.3. UXT V2 enhances SARM-mediated apoptosis
Since both the UXT and SARM are upregulated under infection
conditions, we mimicked this condition by over-expressing both
the proteins in HEK 293T cells and studied their effects on apopto-
sis. Moreover, both UXT and SARM are found to express in the
mitochondria and are involved in apoptosis [3,10,12]. Hence we
investigated the potential role of UXT-SARM interactome in medi-
ating intrinsic and extrinsic apoptosis. To understand the role of
both isoforms of UXT, we cloned UXT (V1 and V2) and studied their
activities when co-expressed along with SARM. By measuring the
caspase activities, we found that both UXT V1 and V2, when co-ex-
pressed with SARM, did not signiﬁcantly alter caspases 3 and 9
(Fig. 4A top and bottom panel). UXT V2 signiﬁcantly enhanced
(P < 0.0005) while UXT V1 reduced (P < 0.05) the caspase 8 activity
(Fig. 4A middle panel and Fig. S2A), indicating their modulation of
the pro-apoptotic activity of SARM through the extrinsic pathway.
Moreover, co-expression of UXT V2 and SARM severely impaired
the mitochondrial membrane potential (Fig. 4B and Fig. S2B) and
consequently induced cell death (Fig. 4C). Taken together, under
both bacterial (LPS) and viral (polyI:C) simulated infection condi-
tions, which signal via TLR4 and TLR3, respectively, we observed
that: (i) both UXT and SARM are upregulated, and (ii) SARM–UXT
V2 interaction enhances cell death (Fig. 5).4. Discussion
Monocytes and macrophages elicit a number of cytokines and
regulate many proteins and signaling pathways in response to an
infection, during which the immune cell either lives to ﬁght the
pathogen or undergo apoptosis to prevent the spread of infection.
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3300 S. Sethurathinam et al. / FEBS Letters 587 (2013) 3296–3302SARM and UXT appear to be regulators of apoptosis. Here, we show
that these proteins interact with each other (Fig. 1) and conse-
quently the pro-apoptotic function of SARM is altered based on
which isoform of UXT it interacts with. Notably, stimulation by
LPS and poly(I:C) upregulated the expression of SARM and UXTin monocytes (Fig. 3 and Fig. S1), indicating that expression of
these proteins is triggered and apparently sustained during both
bacterial and viral infections. We showed that SARM and UXT
interact with each other and either reduce or enhance the extrinsic
apoptotic pathway depending on which isoform of UXT is involved.
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35% increase in caspase-8 activity compared to either UXT V2 or
SARM alone (Fig. 4A middle panel and Fig. S2A). In contrast to this
effect, co-expression of UXT V1 with SARM reduced the caspase-8
activity. This might be due to the presence of TRAF2 (TNF receptor–
associated factor 2) binding motif in UXT V1 [11]. According to
Huang et al. 2011, the TRAF2 binding motif in UXT V1 is essential
for its anti-apoptotic activity. Their results showed that UXT V1 is a
component of TNF receptor signaling complex, which binds to
TRAF2 and modulates the apoptotic complex II formation by pre-
venting TRADD (TNF receptor–associated death domain protein)
from recruiting FADD (Fas-associated protein with death domain).
Since, UXT V2 does not harbor a TRAF2 binding motif, it is possible
that UXT V2 does not modulate the apoptotic complex II formation
and hence, enhances apoptosis when co-expressed with SARM.
Consistent with the ﬁndings of Panneerselvam et al. 2013 [3],
SARM causes an increase in the caspase-9 activity. But when SARM
was co-expressed with UXT V1 and UXT V2, the caspase-9 activity
was not signiﬁcantly altered (Fig. 4A top and bottom panel). How-
ever, the mitochondrial membrane potential was severely affected
when SARM was co-expressed along with UXT V2, in which
60–70% cells exhibited depolarised mitochondria (Fig. 4B and
Fig. S2B). Concordantly, more cell death was observed afterco-transfection with SARM and UXT V2 (Fig. 4C). Fig. 5 explains
how the infection-mediated increase in SARM and UXT expression
may modulate apoptosis – UXT isoforms, present in the mitochon-
dria, interacts with SARM leading to two different pathways. UXT
V2 interacts with SARM to increase caspase 8 activity, causing se-
vere mitochondrial depolarisation and apoptosis. In contrast, UXT
V1 interaction with SARM reduces caspase 8 activity but does
not cause apoptosis.
Taken together, our ﬁndings indicate that besides being a TLR
adaptor, SARM interacts with UXT isoforms and this dual func-
tional relationship regulates apoptosis of immune cells under an
infection condition, in opposing ways. Although SARM–UXT inter-
action and the mechanism of apoptosis is suggested by our ﬁnd-
ings, what dictates the choice of which isoform of UXT to
interact with SARM and thence the corresponding pro- or anti-
apoptotic signaling pathway(s) remains to be clariﬁed. Neverthe-
less, our ﬁndings have provided some insights into how TLR adapt-
ors may be regulated. Since SARM is evolutionarily conserved [4,5]
our data may lend a better understanding on its function and reg-
ulation in other organisms. The ubiquitous expression of UXT in
the nucleus, cytoplasm and mitochondria (Fig. 2) indicates that be-
sides its interaction with SARM in the mitochondria, UXT might
also regulate other protein functions.
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Fig. 5. A hypothetical model to illustrate the dual roles of the UXT isoforms on SARM-induced apoptosis. LPS and poly(I:C) both upregulate the expression of UXT and SARM.
Due to its ubiquitous nature, both isoforms of UXT are present in the cytoplasm, nucleus and mitochondria. By interacting with SARM, the mitochondrial UXT plays two
roles – UXT V1 decreases while UXT V2 enhances apoptosis via extrinsic pathway. The collaborative action of UXT V2 and SARM depolarizes the mitochondria.
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